We assess the feasibility of using Sub-Basaltic arrivals due to local Conversions SBCs to image structure beneath high-velocity basalt with both synthetic and real data. Detailed numerical modelling shows that in areas with water depths up to 1400m, for a 200m-thick basalt buried about 1km below the sea bed, a two-boat acquisition geometry with o set up to 12km may b e used for optimum imaging based on the SBCs. Real data processing of a test line from the North Atlantic Margin reveals that the PP event from the top of the basalt, the PP and the SBC events from the bottom of the basalt form a triplet on the contour velocity spectrum. This feature can help in velocity analysis for SBC arrivals. Both the bottom of the basalt and the basement can be identi ed more con dently in the nal stacking results based on the SBCs, and the thickness of the basalt is determined to be approx 200m. The processing of the SBCs also con rms the presence of sediments beneath the basalt.
Introduction
Over recent y ears, hydrocarbon exploration activities have increased signi cantly on the North-East Atlantic Margin between northern Norway and western Ireland. A problem for exploration on the Atlantic Margin is the widespread occurrence of Early Tertiary basalt lavas. This high-velocity i n terval causes serious degradation of the seismic image of the deeper subsurface. There have been several attempts to address this problem with new acquisition methods such as long o set and wide-angle refraction Kiorboe and Petersen 1995, or by i n vestigating novel processing techniques in multiple suppression, and converted-wave imaging Li and MacBeth 1997. Recent w ork has shown the potential of imaging structure beneath basalts using sub-basaltic convertedwaves SBCs due to local conversions as demonstrated by Purnell 1992 with laboratory data. This technique was also subsequently adapted for imaging structure inside salt bodies by Wang et al. 1994 . Despite this, there appear to be few, if any, eld and numerical modelling studies. Here we ll this gap using seismic data from the North Atlantic Margin.
Basic concept
When a P-wave is incident upon the top of a basalt layer with high P-wave v elocity, most of the wave energy is re ected. However, beyond a certain critical angle, an e cient conversion can occur from the incident P-wave t o a n S -w ave travelling inside the basalt layer. This type of conversion has also been identi ed in walkaway VSPs by MacBeth et al. 1997 . This converted S-wave will in turn transmit through as the Swave, or reconvert to the P-wave at the bottom of the basalt layer. When these waves re ect at an interface beneath the basalt, the conversion, or re-conversion may occur again Figure 1 . These wavetrains due to local conversions containing S-wave segments within or below the basalt are referred to, generically, as sub-basaltic converted-waves SBCs. These waves can also be named according to their raypaths as a PSPPSP, and PSSSSP wave, respectively. To verify the SBC arrivals, we calculate the e ective re ection coe cients and full-wave synthetic shot records from the basic model in Figure 1 . This consists of 900m of water overlying 910m of sediments sludge, and beneath 200m of basalt is underlain by t wo sands, each 800m thick. The SBC arrivals are possibly the only waves that have su cient energy to penetrate the basalt Figure 2 . As shown in Figure 3 , the SBC arrivals, PSPPSP4 and PSPPSP5, from the two interfaces below the basalt interface 4, the sand sand interface, and interface 5, the sand basement interface can be clearly identi ed at the far-o set Figure  3 . In contrast, the primary P-wave re ections from these two i n terface, PP4 and PP5 are too small to be seen at the far-o set. Figure 1 . The SBC with raypath PSPPSP the solid line is the main focus in this study. Layer parameters for this model are: water Vp=1.5km s, =1.0g m 3 , sludge Vp=3.0 Vs=1.0 =1.5, basalt5.8 2.9 2.9, sand 1 2.9 1.6 2.5, and sand 2 3.5 1.9 2.6.
E ects of acquisition and model parameters
Here, we quantitatively model the sub-basaltic waves due to local conversions, and evaluate the performance envelope of SBCs for di erent geological settings.
Cable length.
The receiver spacing in Figure 3 is changed to 200m resulting in an e ective cable length of 12km Figure 4 . The SBC arrival PSSP3 onset at the rst critical o set about 2000m, and its amplitude increases with o set until the second critical o set about 3200m, then decreases with o set. Although the SBC arrivals are small, they are still visible up to 12km Figure 4 . Beyond 6km, the SBC arrival is free of the interference with the seabed arrivals. This suggests that the optimum o set range for recording SBC arrivals is within 6km to 12km for the model we studied. Water depth. The water depth is changed to 500m and 1400m. The reduction in water depth moves the SBC arrivals away from the seabed re ection and increases the resolution of the SBC arrivals. However, the progression to deeper water is marked by the converted waves arriving close to the seabed re ection. This makes processing more di cult. Any increase in depth moves the raypaths closer to normal incidence, and hence decreases the resolution potential of the SBC arrivals.
Other factors.
These include basalt depth and thickness, basalt and basement velocity, and basalt anisotropy. The velocity of the basalt has a signicant e ect on the magnitude of the conversion. The optimal velocity is associated with the closeness of Vp in the sediment to the Vs in the basalt, and the highest possible conversion amplitude occurs when these two match. Sub-basaltic imaging using converted waves A real data example A test line from the Atlantic Margin was selected for investigating the converted waves. A 6km cable was used for acquisition, and recorded for ten seconds with two millisecond sampling interval. We select 441 shot records from shot point 1071 to 1511 for test processing. The thickness of the sediments between the seabed and the basalt remains roughly constant with 900m from left 1500 to right 1100 with a gentle dip towards the right. The water depth increases from about 600m to 1300m in the area of interest. Primary P-wave re ections from beneath the basalt can hardly be observed. The records are dominated by the seabed multiples and multiples from the top basalt Figure 5 . Any method aiming to stack primary re ections at near o set is unlikely to be successful. However, at far o set, there is a wavetrain ahead of the primary re ection from the seabed. This wavetrain consists of several coherent arrivals with different m o veouts. These features conform with the general features in the synthetics in Figure 3 . As the water depth increases from 600m to 1300m, this wavetrain gradually moves downwards, and is eventually obscured completely by the seabed re ections and associated multiples. 
Test processing
The key step in converted-wave processing is the determination of stacking velocity. Problems arise when attempting to pick stacking velocities beneath the basalt, which are not unique Figure 6 , so that several velocity curves are possible. The choice of velocity i s largely determined by the picking of stacking velocity for events from the bottom of the basalt. A sharp increase in stacking velocity is expected for the PP event from the bottom of the basalt. However, the stacking velocity for the PSSP event from the bottom of the basalt will remain almost the same as the velocity for the PP event from the top of the basalt as the interval shear-wave v elocity of the basalt is similar to the P-wave v elocity o f surrounding rocks. Thus, the velocity maxima for the PP events from the top of the basalt, and for the PP and the PSSP events from the bottom of the basalt will form a triangular shape on the contour velocity spectra Figure 6 ; the separation of these three points will depend on the Vp Vs ratio of the basalt. This feature can then help in velocity analysis for SBC arrivals. 
Results
Once the stacking velocity is determined, the rest of the processing is the same as for P-waves. The nal stacking section for SBC arrivals beneath the basalt is shown in Figure 7 . Apart from the top of the basalt, the PP bottom of the basalt and the PSSP bottom of the basalt are also identi ed. The average thickness of the basalt is about 100ms in P-wave t wo-way time, and about 200ms in shear-wave t wo-way time, giving rise to about a thickness of 200m and Vp Vs ratio of 2 for the basalt. Furthermore, continuous horizons can be identi ed beneath the basalt, indicating the presence of sediments beneath the basalt. A relatively strong horizon at SP 1070 and 3s two-way time can be traced up to SP 1190 and 2.6s, which is most likely the basement. In contrast, the original section for stacking the PP waves Figure 8 shows little information below the basalt and the basement was thought to be very near the basalt. A comparison has also been made for the velocity models used for stacking the test line. The velocity horizons show good agreement and correlation with the stacked sections.
Discussion and conclusions
We have carried out a quantitative study to examine the feasibility of using converted shear-waves for imaging structure beneath high velocity basalt layers. We h a ve examined the performance envelope of SBC arrivals through numerical modelling. The eld data examined show clear re ected and refracted arrivals which consist of raypaths with S-wave segments through the basalt. Numerical modelling con rms these observations and reveals that use of SBCs is likely to be most productive where water depths are shallow, streamer lengths are long two-boat geometry, and the S-wave velocity of the basalt is similar to the P-wave v elocity of the adjacent sediments. Processing tests based on the SBCs has improved the structural imaging below the basalt. The processing also indicates that converted wave eld extrapolation and separation, and multiple suppression, twoboat geometry for surface-to-surface shooting, or for surface-to-seabed shooting will be key issues for fully utilizing the SBCs at all o sets. 
